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Abstract

It is shown that high-beta-induced changes in the wave-particle interaction

can strongly in
uence the fast ion transport during sawtooth oscillations.

I. INTRODUCTION

The ratio of the plasma pressure to the magnetic �eld pressure (�) in spherical toka-

maks (ST) can essentially exceed that in conventional tokamaks (CT). This fact leads to

di�erences in the physical processes in STs and CTs. In particular, as was shown recently,

when � is suÆciently high, the �shbone mode associated with the trapped particles is sta-

ble [1]. In the present work, we consider the transport of the energetic ions in a high-�

plasma with sawtooth oscillations.

It was predicted theoretically [2] and con�rmed experimentally [3] that the energetic

ion transport in CTs with sawtooth oscillations depends on the particle energy and pitch

angle (see also a recent invited paper [4]). It was found that there exists a critical energy,

Ecrit, such that the well-trapped ions with the energy higher than Ecrit are not sensitive

to the sawtooth crash, whereas the ions with E < Ecrit are strongly redistributed by the

crash. The critical energy is given by [2,4]

Ecrit =
2�MkrR0!B

�cr

�����
r=rs

/
AsBS

�cr
; (1)

1



where �cr is the crash duration, k is the ellipticity of the plasma cross section, rs is the

radius of the q = 1 
ux surface, M is the ion mass, !B is the cyclotron frequency, R0

is the large radius of the torus, S is the square of the q = 1 
ux-surface cross-section,

As = R0=rs, and B is the magnetic �eld strength. When �cr � 10�4 s, Ecrit varies in the

range 300� 700 keV for �-particles in TFTR and JET, depending on plasma parameters.

Because the product AsBS in STs is relatively small, one can conclude from Eq. (1) that

Ecrit in STs is much less than that in CTs and, thus, the sawtooth crashes in STs will

either not a�ect the trapped energetic ions or a�ect them selectively through resonance

e�ects [4,5]. However, the existing theory is relevant to plasmas with suÆciently small �

when the e�ects of plasma diamagnetism are negligible. This motivated the investigation

reported in the present work aimed at clarifying the physical mechanisms responsible for

the sawtooth-induced transport of the trapped energetic ions in high-� discharges of STs.

II. PARTICLE MOTION IN A HIGH-� PLASMA DURING THE SAWTOOTH

CRASH

We consider an MHD-active plasma with the MHD activity associated with the de-

velopment of the m = n = 1 helical perturbation accompanied by the reconnection of the

magnetic �eld lines in a narrow current layer, which is presumably the case during the

sawtooth crashes. We assume that the helical symmetry is conserved during the MHD

events, so that the magnetic 
ux surfaces can be described by the helical 
ux function

 (r; �; t), where r is the radial coordinate such that r = const describes the 
ux surfaces

before and after the crash; � � � � �, �, and � are the helical, poloidal, and toroidal

angles, respectively; t is time. In addition, we assume that the duration of the sawtooth

crashes (or other similar MHD events) well exceeds the bounce period of the trapped

energetic ions and that �rb � rmix, where �rb is the banana width, and rmix is the

sawtooth mixing radius.

Using these assumptions, we have derived the following equations of the particle

bounce averaged motion:
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_r = v1E + hv1ki+
� �B

Mk!BR0

�
G�

1

�

�
@ �B

@�
; (2)

_� = v2E + hv2ki �
� �B

Mk!BR0

"�
G�

1

�

�
@ �B

@r
+
G

r

#
; (3)

where ~vE is the velocity of the ~E � ~B drift, ~E being the electric �eld associated with the

evolution of the magnetic con�guration and concomitant plasma motion; ~vk is the particle

velocity along the magnetic �eld; the brackets denote bounce averaging; the superscripts

mean the contravariant vector components; �B = B0

q
1� 8�p(r; �)=B2

0 , p is the plasma

pressure, B0 is the vacuum magnetic �eld at the magnetic axis, � is the particle magnetic

moment, R = R0(1 + � cos �), � = r=R0, G = 2E(�)=K(�) � 1, K(�) and E(�) are

the complete elliptic integrals of the �rst and second kind, respectively; � is the particle

trapping parameter which depends on �B, and thus, on the plasma pressure as follows:

�2(r; �) =
E(r; �)� � �B(r; �)(1� �)

2� �B(r; �)�
: (4)

Let us analyse Eqs. (2), (3). The �rst terms in these equations describe the ~E � ~B

drift. These are the terms driving the particle redistribution by making the particles

frozen into the evolving 
ux surfaces [2]. The motion along the �eld lines described by

the second terms also attaches particles to the 
ux surfaces, but its e�ect is negligible

for the narrow-orbit trapped particles. The conventional precession is described by the

last term in Eq. (3). It competes with the ~E � ~B drift motion resulting in Ecrit (the

latter is determined from the condition �pr = �cr, where �pr is the characteristic precession

time). The other terms in Eqs. (2), (3) are associated with the plasma diamagnetism.

Taking into account that �B = �B(p) and p = p( ), we conclude from Eqs (2), (3) that

the precession associated with the plasma diamagnetism conserves  , i.e., it leads to the

particle motion along the 
ux surfaces rather than along the r = const surfaces.

Thus, the conventional precession is the only factor preventing the particle redistri-

bution by the crash. The diamagnetic precession overrides the conventional precession

and, thus, attaches the particles to the moving 
ux surfaces when @ ln �B=@ ln r > �, which

leads to the estimate �(rs) > �(rs), where �(rs) � 8�p(rs)=B
2

0
. The latter is essentially

3



the condition of the existence of the magnetic valley, i.e., a region in the vicinity of the

magnetic axis where the equilibrium magnetic �eld strength has a minimum.

It is of interest to carry out a numerical simulation of the particle transport dur-

ing a sawtooth crash. With this purpose we use a set of equations consisting of

Eqs. (2), (3), (with v1E = �c(B0rk)
�1(@�=@�), v2E = c(B0rk)

�1(@�=@r), � is the po-

tential of the crash-induced electric �eld , and hv1ki = �(B0rk)
�1hvk=Ri@ =@�, hv

2

ki =

(B0rk)
�1hvk=Ri@ =@r), the equation J(r; �; �) �

H
vk dl = const (which determines the

time dependence of �), the equation ~E � ~B = 0 (which connects � and  ), and the equa-

tions for  (r; �; �; t) from the crash model of Ref. [2] approximating the Kadomtsev type

of the crash. The results of calculations for a well-trapped particle with E � Ecrit are

shown in Fig. 1. We observe that the increase of � strongly changes the e�ect of the

sawtooth crash on the particle. Namely, the particle, which was not sensitive to the crash

at low �, is expelled from the plasma core in the high-� plasma.

III. CONCLUSIONS

Our analysis has shown that the diamagnetism leads to the precessional motion along

the disturbed 
ux surfaces. Therefore, this is a factor promoting the particle redistribution

during the sawtooth crashes. It is found that the e�ect of the diamagnetism dominates in

the precessional motion when the plasma pressure gradient is suÆciently large to result

in the \valley" in the equilibrium magnetic �eld. In this case, the well trapped ions move

together with the evolving 
ux surfaces even when their energy exceeds Ecrit.

The �nite orbit width e�ects (resonance phenomena, stochasticity) may determine the

transport of the various groups of the energetic ions in the MHD active plasmas of STs.

They should be studied in future.

In conclusion, we have shown for the �rst time that when the particle energy exceeds

a certain critical magnitude, the in
uence of sawtooth oscillations (or other similar forms

of the plasma MHD activity) on the transport of the energetic ions in high-� discharges

of STs essentially di�ers from that in CTs. Namely, in STs, in contrast to CTs, trapped
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particles with E > Ecrit and peaked radial distribution are expelled from the plasma core

because of the interaction with MHD perturbations.
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FIGURES

FIG. 1. Motion of a well-trapped energetic ion with E > Ecrit in plasmas with various �

during sawtooth crashes. We observe that the crash has no in
uence on the ion when � = 0,

whereas the ion is strongly displaced when � is high.
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